We show that the coherent response of semiconductor band-to-band continuum transitions at room temperature, excited by 11 fs pulses at elevated carrier densities, deviates substantially from that expected for an ideal photon echo. A microscopic non-Markovian quantum kinetic theory of both electron-electron and electron-LO-phonon scattering reproduces these unusual experimental observations qualitatively and, furthermore, the famous scaling of the decay time t with carrier density n eh according to Consider a dense gas of electrons and holes generated at random places in pairs with opposite momentum in coherent quantum states in a semiconductor. It is clear that the particles will move in such a way that they screen their mutual Coulomb interaction. How long does it take that screening is built up and that scattering has destroyed the initially quantum mechanically coherent state? About one decade ago, Shank et al. addressed this fundamental question when they studied the variation of the Coulomb scattering in a dense gas of optically excited crystal electrons and holes [1,2] with density n eh using ഠ10 fs pulses and a photon echo technique. They reported that the decay time t of the photon echo signal at room temperature scales approximately according to t~n 21͞D eh , where D is the dimension of either bulk GaAs ͑D 3͒ or GaAs quantum wells ͑D 2͒. At that time, it was tempting and appealing to interpret this seemingly simple result in terms of the nearest-neighbor scattering of D-dimensional hard spheres in which case it is simple to show that the average time between different collisions scales~n 21͞D eh indeed. Today, a number of important questions are still unanswered. (i) Is it a photon echo? In analogy with a spin echo this would mean that a first short pulse excites the system, a second pulse arrives after time delay t 21 , and the coherent collective response of the system, the photon echo, peaks at yet another time delay t 21 later. Without real-time resolution [1,2], however, one only measures the energy of the echo signal versus t 21 and its decay time t. For a phenomenological dephasing time T 2 it is known that T 2 4t holds for a four-wave mixing (FWM) geometry under these conditions. Not a single experiment, however, has shown directly that the coherent real-time response of semiconductor band-to-band continuum transitions under these conditions is a photon echo indeed. Under quite different conditions (T 4 K, 100 fs pulses, and much lower carrier densities), Ref. [3] showed that the total response is not a photon echo. Only after spectral filtering (behind the sample) of those components of the FWM-signal resonant with the band-to-band continuum, were they able to isolate a contribution which corresponded to an echo. The position of this signal shifted with time delay as expected [4], its width was constant (150 fs) and given by the time resolution of their setup for all conditions. The picosecond response of inhomogeneously broadened excitonic transitions [5] as well as the response of modulation-doped quantum wells [6] followed the expectation for an ideal photon echo. Other real-time resolved work has addressed the coherent response of the homogeneously broadened 1s exciton [7, 8] . (ii) Can the absolute values of the measured decay time t and their scaling with carrier density n eh be explained quantitatively by theory? So far the answer has been no. Such a theory of electron-electron scattering has to account for the fact that the excited carriers initially behave as coherent quantum mechanical waves. In other words: This theory has to account for the finite duration of scattering processes. Also, such a theory has to include the kinetics of the buildup of screening. This means that the range of the screened Coulomb potential at time t does not only depend on the carrier distribution functions at that same time t but also on their history. The recently developed quantum kinetic theory of electron-electron scattering [9] accounts for these aspects in analogy to our previous work on electron-phonon scattering [10, 11] . (iii) Is the frequently used concept of a dephasing time T 2 meaningful under these conditions at all? If the memory effects of screening and scattering discussed in (ii) are really important, the T 2 concept breaks down.
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In this Letter, we first reproduce the basic observations of Shank et al. concerning the time-integrated FWM on 0031-9007͞99͞83(16)͞3313 (4) For clarity, we use the convention t 2 0. Thus, for a photon echo situation, we expect a signal maximum at time t t 21 . On the other hand, a free polarization decay would not shift with time delay t 21 but rather peak at a fixed point in time t. Using an up-conversion [6] technique with nearly transform-limited 11 fs, sech 2 ͑t͒-shaped optical pulses, we measure a time resolution of 5 fs (both, for the t 21 and for the t domain). The error in the determination of the absolute positions t 0 and t 21 0 via scattered laser light is 610 fs. The electronhole pair densities n eh which are quoted below are always defined as the sum of the two individual one-pulse 7 As double heterostructure. It contains a 0.6 mm thin layer of GaAs and is glued to a sapphire disk on one side and is antireflection coated on the other side. From the measured exciton linewidth of this GaAs sample [10, 11] , we can safely rule out that any undesired inhomogeneous broadening is relevant for the present experiments under room temperature conditions.
Experimental results.-First, we relate our experiment to that of Ref. [1] . Figure 1 shows the time-integrated FWM signal versus time delay for three different carrier densities on the same logarithmic scale. Beside minor structures, the FWM traces decay with exponential time constants t as indicated by the dashed straight lines in Fig. 1 . (t vs n eh is shown in Fig. 5 and will be discussed later.) Selected spectra of the FWM signal at t 21 0 and t 21 100 fs, respectively, are shown as insets in Fig. 1 . The dashed curve is the laser spectrum. Note that the FWM spectrum at t 21 0 becomes broader with increasing n eh , which indicates that different distributions of optical continuum transitions contribute to the FWM signal. Hence, for different n eh , t stems from different averages.
As an example of the measured real-time responses, Fig. 2 shows the data corresponding to the conditions in Fig. 1 ͑n eh 2 3 10 17 cm 23 ͒. The curves are vertically displaced, the corresponding time delay t 21 can be seen on the right-hand side. The scaling factors of the various curves are different as indicated on the lefthand side for each curve. The full straight lines correspond to the temporal position of the two incident pulses, arriving at times t t 1 and t t 2 0, respectively; the dashed straight line is the expected position for an ideal photon echo, i.e., t t 21 t 2 2 t 1 2t 1 . Fig. 1 ͑n eh 2 3 10 17 cm 23 ͒. The real-time response is a single-side exponential with rise-time constant ,5 fs for t 21 , 0. For t 21 . 0, the signal acquires a more symmetric shape. The position versus time delay roughly follows the ideal photon echo up to t 21 50 fs. For larger time delays, the position of the echo is roughly constant again, hence, the actual echo comes earlier than expected for an ideal echo. The position and the width (full width at half maximum, FWHM) of the echo can be seen more clearly in Fig. 3 , where the data of Fig. 2 and that of two other carrier densities are analyzed. Note the monotonous rise of the echo width which amounts to more than a factor of 2. This rise is consistent with the fact that the FWM spectra in Fig. 1 become narrower for larger time delays t 21 as compared to t 21 0. A single unique T 2 cannot explain these observations [4] , neither can a wave vector-dependent T 2 [6] . This already suggests that the deviations from an ideal photon echo response observed here are due to many-body correlations, and, in particular, that they are specific for the regime of Coulomb quantum kinetics. We now show that the experimental evidence can be reproduced by a quantum kinetic theory of Coulombic electron-electron scattering indeed.
Description of theory.-In the framework of Keldysh nonequilibrium Green functions (GF) [12] , the scattering self-energies are taken in the so-called GW approximation, i.e., S k ͑t 1 , t 2 Fig. 2 and others. The dashed straight lines correspond to the expected temporal position t for an ideal photon echo, i.e., to t t 21 . The width of the echo would be constant for an ideal echo.
dependent screened Coulomb potential W q is determined self-consistently as the solution of the integral equation
Here a matrix notation is used for the contour time arguments. L q ͑t 1 , t 2 ͒ is the generalized random-phaseapproximation (RPA) polarization function, which includes also off-diagonal elements of the GF. These describe band mixing and excitonic effects in the coherently excited crystal. In this approach the potential W q evolves from the originally unscreened potential V q to a dynamically screened potential after times longer than the inverse plasma frequency of the excited carriers. Recently, we succeeded in solving the semiconductor Bloch equations together with the delayed quantum kinetics scattering integrals on conventional workstations [9] . Under the present experimental conditions, electron-electron scattering dominates over electron-phonon scattering. For completeness, however, the quantum kinetics of electron-LO-phonon scattering at T 300 K is also accounted for [10, 13] . In order not to overburden the numerical calculation, we describe the corresponding spectral functions, which determine the memory kernels of the scattering integrals, by a free-particle Wigner-Weisskopf approximation [14] . We use the two-band effective mass approximation with GaAs parameters, i.e., an electron/ hole mass ratio of m e ͞m h 1͞6.7. 11 fs sech 2 ͑t͒ pulses with 50 meV excess energy above the band gap excite a 2 ͑t͒ pulse to model the up-conversion process. These curves can be compared with the experimental data shown in Fig. 2 total carrier density which is defined as in the experiment, i.e., according to n eh n The FWM signal propagating with wave vector 2 q 2 2 q 1 is extracted by a projection procedure described in Ref. [10] .
Theoretical results.- Figure 4 shows the FWM signal computed this way for a total carrier density of n eh 2.2 3 10 17 cm 23 . Figure 4 exhibits the same qualitative deviations from an ideal photon echo as the experiment (Fig. 2) . The echo width increases from 26 fs ͑t 21 12.5 fs͒ to 50 fs ͑t 21 87.5 fs͒, which agrees qualitatively well with the experiment (Fig. 3) . The echo maximum occurs earlier than the ideal echo for large t 21 . This effect, however, is less pronounced than in the experiment. At yet larger n eh , which are not accessible experimentally here, the deviations from the ideal echo become also more pronounced in theory. An example of the timeintegrated FWM signal is shown by the full triangles in Fig. 1 . Beside small structures, it decays according tõ e 2t 21 ͞t -in sharp contrast to previous theoretical work with a bare Coulomb potential, see, e.g., Refs. [15, 16] , which predicted a~e 2at 3 21 decay for the early-time and low-density regime. t vs n eh is depicted in Fig. 5 together with the experimental data. In agreement with the early work of Shank et al. [1] , we obtain a good fit with a power law according to t 21 t 21 0 1 cn 1͞3 eh . t 0 describes the density-independent scattering with LO phonons. In agreement with the experiment (insets in Fig. 1 ), the computed FWM spectra (inset in Fig. 5) indicate that, for different n eh , t stems from different averages of optical band-to-band continuum transitions.
A bare Coulomb potential is not adequate for the description of the present FWM experiments, which becomes clear from a comparison with Ref. [15] . This shows that screening has already partially developed after several tens of femtoseconds under conditions where the inverse plasma frequency, v 21 pl , is longer than 50 fs ͑n eh 2.2 3 10 17 cm 23 ͒. In contrast to this, previous pump/ probe experiments [17, 18] on bulk GaAs seemed to be less sensitive with respect to screening, so that these experiments could be described well with a bare Coulomb potential [18] .
In conclusion we have observed qualitative deviations from an ideal photon echo response when exciting the band edge of GaAs with 11 fs pulses. These deviations are reproduced qualitatively by a quantum kinetic theory of carrier-carrier Coulomb scattering. Theory and experiment agree quantitatively in the famous power law of decay time versus carrier density t 21 t 21 0 1 cn 1͞3 eh . The deviations of the coherent response from an ideal echo, however, show that t cannot simply be related to a single unique dephasing time T 2 .
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